MicroRNAs (miRNAs) are short non-coding RNA molecules produced from hairpin structures and involved in gene expression regulation with major roles in plant development and stress response. Although each annotated miRNA in miRBase (www.mirbase.org) is a single defined sequence with no further details on possible variable sequence length, isomiRs -namely the population of variants of miRNAs coming from the same precursors -have been identified in several species and could represent a way of broadening the regulatory network of the cell. Next-gen-based sequencing makes it possible to comprehensively and accurately assess the entire miRNA repertoire including isomiRs. The aim of this work was to survey the complexity of the peach miRNome by carrying out Illumina high-throughput sequencing of miRNAs in three replicates of five biological samples arising from a set of different peach organs and/or phenological stages. Three hundred-ninety-two isomiRs (miRNA and miRNA * -related) corresponding to 26 putative miRNA coding loci, have been highlighted by mirDeep-P and analyzed. The presence of the same isomiRs in different biological replicates of a sample and in different tissues demonstrates that the generation of most of the detected isomiRs is not random.The degree of mature sequence heterogeneity is very different for each individual locus. Results obtained in the present work can thus contribute to a deeper view of the miRNome complexity and to better explore the mechanism of action of these tiny regulators.
INTRODUCTION
MicroRNAs (miRNAs) are short non-coding RNA molecules produced from hairpin structures and involved in gene expression regulation with major roles in plant development and stress response. MiRNAs are transcribed into a primary transcript which folds into a bulge with stem-loop conformation that is then cleaved by a Dicer-like (DCL) RNase III enzyme named DCL1. The cleavage results in a short duplex: one of the two strands forming the duplex and designated as miRNA * is then typically degraded while the other strand is incorporated into the RNA-induced silencing (RISC) complex where it mediates mRNA recognition and cleavage or translational repression (Jones-Rhoades et al., 2006; Voinnet, 2009; Xie et al., 2010) .
Although each annotated miRNA in miRBase 1 is a single defined sequence with no further details on possible variable sequence length, isomiRs -namely the population of variants of miRNAs coming from the same precursors -have been identified in several species and could represent a way of broadening the cell regulatory network (Ebhardt et al., 2009; Guo and Lu, 2010) . Vaucheret (2009) demonstrated the biological significance of mature miRNA length heterogeneity in Arabidopsis where the athmiR168 can be processed as two different miRNA isoforms of 21 nt and 22 nt in length with different activities on AGO1 homeostasis 1 www.mirbase.org (AGO1 is the Argonaute1 protein, a component of RISC complex that catalyzes broad miRNA-and siRNA-guided mRNA cleavage and translation repression Voinnet, 2009) .
Alteration in miRNA end sequences can have strong effects on miRNA function due to the fact that the identity of the first 5 nucleotide is the major determinant for AGO protein association (Takeda et al., 2008) . As an example, Mi et al. (2008) found that AGO1 (which predominates in the miRNAs-mediated pathway) harbors miRNAs that favor a 5 terminal uridine. A change at the 5 terminal nucleotide of a miRNA predictably redirected it into a different AGO complex and altered its biological activity. Additionally, it was reported that the thermodynamic stability at the 5 end of the strand is likely to affect the loading in the AGO complex (Eamens et al., 2009 ).
An accurate profile of the entire miRNA population of a biological sample provides useful information on miRNA activity and it can be used to compare the distribution of miRNA sequence variants in different samples. In fact, although the distribution of isomiRs across samples has been previously shown to be generally similar, examples in which the dominant isomiR is different from sample to sample have been found in animals (Lee et al., 2012) and could imply a functional role for specific isomiR sequences, besides affecting the accuracy and consistency of miRNA measurement.
This work aims to survey, by carrying out Illumina highthroughput sequencing, the complexity of peach miRNome more than one locus were assigned by MiRDeep-P to all possible involved loci.
IsomiRs for each putative locus were blasted against miRBase (release 18) to search for the loci related to previously known miRNAs (Kozomara and Griffith-Jones, 2011) . Blast vs. mature sequences was based on the following parameters: outfmt 6, task blastn, dust "no," e-value 10, word_size 7, reward 2, num_alignments 10. Blast vs. precursor sequences was based on the following parameters: outfmt 6, task blastn, dust "no," e-value 10e−3, num_alignments 10.
The correlation between biological replicates was evaluated by calculating the Pearson coefficient for all the possible pairs of replicates belonging to the same biological sample, as well as samples from different tissues for sake of comparison. We decided to remove from the set a sequence (HE860285) whose expression level was abnormally high, because its presence caused the Pearson correlation to be almost one in every comparison, irrespective of the tissue.
To identify miRNAs isomiRs that were differentially expressed among the biological samples, a t -test was performed for all the possible comparisons. An isomiR was considered as differentially expressed in a specific comparison if its p-value was less than 0.05. The whole set of reads associated with the miRNA loci was then used to perform a hierarchical clustering with R software, by applying the Canberra metric to calculate the distances between the expression vectors of the samples across the reads.
MiRNA target identification was carried out by psRNATarget 3 (Dai and Zhao, 2011) , with default parameters. To score the complementarity between small RNA and their target transcript, psRNATarget applies the scoring schema of miRU by Zhang (2005) . The maximum expectation is the threshold of the score. A small RNA/target site pair will be discarded if its score is greater than the threshold. The default cut-off threshold is 3.0.
The accessibility of the mRNA target site to small RNA has been identified as one of the important factors involved in target recognition because the secondary structure (stem, etc.) around the target site will prevent the small RNA and mRNA target from contacting. The psRNATarget server employes RNAup to calculate target accessibility, which is represented by the energy required to open (unpair) secondary structure around the target site (usually the complementary region with small RNA and up/downstream) on target mRNA. The lower the energy the higher the possibility that small RNA is able to contact (and cleave) target mRNA. PsRNATarget uses a software, namely RNAup, described by Mückstein et al. (2006) to calculate this value, denoted as UPE.
All the miRNA-related sequences were submitted to the EMBL database, whereas the sequencing raw reads were submitted to the NCBI SRA (BioProject accession: PRJNA167962).
RESULTS

SEQUENCING PEACH SMALL RNA LIBRARIES
Illumina deep sequencing was used to profile the whole miRNA set of five different samples corresponding to different organs and/or phenological stages. Three replicates were analyzed for each sample. A total number of 40,764,330 sequence reads were obtained and filtered as reported in Section "Materials and Methods." Details on the results of each filtering step are reported in Table 1 . On average, 2,717,622 raw reads and 664,777 clean reads perfectly matching the genome were obtained in each of the 15 samples.
One technical replicate (randomly chosen and numbered as "1") of each sample was subsequently analyzed with miRDeeP-P which highlighted the putative miRNA coding loci of the peach genome expressed in the five tested samples (reported in Files S1-S5 in Supplementary Material and summarized in File S6 in Supplementary Material). Twenty-six putative miRNA coding loci were expressed in all samples according to miRDeep-P results. The length of the putative precursors was between 41 nt and 227 nt (average length of 104 nt), while average mature miRNAs size was 22 nt.
These 26 miRNAs were selected and, for each of them, the corresponding associated reads were searched in all the replicates of each sample. The results (miRNAs and miRNAs * associated reads) are reported in Table 2 for each locus, the link between locus name and locus position can be found in File S7 in Supplementary Material and retrieved at www.rosaceae.org/peach/genome.
ISOMIRs IDENTIFICATION AND ANALYSIS
IsomiRs at each locus were blasted against miRBase. In some cases no mismatches were reported with the conserved sequences present in miRBase (e.g., miR403, miR394, miR166, miR156) while in some others mismatches were present and related to differences in the sequence and/or in its length. Detailed blast results are reported in File S8 in Supplementary Material which reports blast results based both on mature sequences (sheet "mature") and precursor sequences (sheet "precursors") deposited in miRBase. The file reports the matching sequence with the lowest e-value. When more than one matching sequence, belonging to different miRNA families, were found to have the same e-value all of them were reported.
Some miRNA families have more than one putative locus, therefore miRDeeP assigned common reads to all the possible loci. Both miRNA and miRNA * -related reads were identified at each locus. In some cases putative miRNAs * were identified on the basis of the alignment orientation (± with miRNA mature sequence deposited in miRBase) in some others the miRNA * sequences were already deposited in miRBase. The results of Table 2 highlight that some loci are characterized by a larger set of variants than others.
In the majority of the loci the most frequent read for a specific locus was the same in all the tested samples and across all the replicates of a sample ( Table 2) . Only in a few cases were some differences detected among samples or among replicates belonging to the same sample. Locus named 3_16 is particularly interesting because all the replicates of sample O have as the most frequent read the one corresponding to miRNA * ( Table 2) .
In some loci also the second most frequent read referred to the mature miRNA was the same in all the replicates of a sample and in all the samples. The second most frequent read was often obtained by a different cutting site at 5 or 3 ends. As reported above, miRNA * -related reads have also been identified by miRDeep-P for most of the 26 loci and length variability was detected for both 5 and 3 ends.
Target analysis was carried out by psRNATarget. The whole set of targets identified is reported in File S9 in Supplementary Material.
INTRA-AND INTER-SAMPLES ANALYSIS
The average Pearson correlation between all the possible pairs of replicates belonging to the same biological sample was calculated, in order to evaluate whether it was in agreement with the "Standards, guidelines, and best practices for RNA-seq" adopted Frontiers in Plant Science | Plant Genetics and Genomics Frontiers in Plant Science | Plant Genetics and Genomics , pink; F, bloom; GF, swollen flower bud; O, half-inch green; GL, swollen leaf bud. by ENCODE Consortium. 4 Average correlation coefficients were equal to 0.98 for BF, 0.95 for F, 0.98 for GF, 0.95 for GL, and 0.97 for O. For the sake of completeness and in order to allow a comparison between related and unrelated samples, we also calculated the average Pearson correlation between samples of different tissues, which was equal to 0.66 on the basis of the reads reported in Table 2 . All the Pearson coefficients are reported in File S10 in Supplementary Material. Figure 1A reports the results obtained from clustering the five samples on the basis of all the reads frequencies (average frequencies of three replicates, reads included miRNA * -related reads; reads assigned by miRDeep-P to more than one locus were counted once) at the 26 loci analyzed. Additionally, a clustering analysis was performed by considering only the count of the most frequent read in each locus. The analysis included those loci where the most frequent read was the same in all the samples (16 different reads, Figure 1B) . Figure A1 in Appendix reports clustering results obtained without averaging the three replicates of each sample. As it can be seen, replicates are always grouped correctly. A t -test was also performed for all the possible comparisons of biological samples (File S11 in Supplementary Material). The most frequent isomiR (highlighted in yellow in File S11 in Supplementary Material) is frequently the one able to distinguish the higher number of samples (e.g., locus 4_21, locus 6_4). Some miRNArelated reads are able to differentiate most of the analyzed samples: e.g., miR398 and miR167 got 8 significant comparisons out of 10.
BF
DISCUSSION
To assess the putative biological significance of isomiRs in peach, in the present study we carried out miRNAs profiling by sequencing three replicates of five biological samples arising from a set of different organs and/or phenological stages. Actually, variants of miRNAs are commonly found in deep sequencing experiments but their functional meaning and stability is still under investigation in plants.
Twenty-six miRNA putative loci expressed in all samples analyzed have been identified by miRdeep-P and analyzed for miRNA population heterogeneity. The average length of miRNA associated reads was included between 18 nt and 24 nt. Several previous works reported a miRNA length in plants included between 22 nt and 24 nt. The identification of miRNA * associated reads provides more evidence about reliability of the loci identified by miRDeep-P.
All the analyzed loci show miRNA length variants but tend to maintain the uridine at the 5 end, in those cases where uridine is the first base of the most abundant isomiR. As reported above, uridine is the most frequent nucleotide in AGO1 association, perhaps explaining the drive to maintain it at the 5 end. Ebhardt et al. (2009) reported examples of miRNA with 5 deletions and 3 uridine additions that create a different distribution in AGO complexes. As an example, ath-miR822 was determined to reside almost exclusively in the AGO1 complex while its modified variant with a U deletion at 5 end and a UU addition at 3 end was found equally in AGO1 and AGO4 complexes.
The difference in read count between the first most frequent read and the second most frequent read varies among loci being in some cases minimal (e.g., locus 1_5) while in some others it is quite consistent (e.g., loci 4_21, 6_4). In some loci the second most frequent read was the same in all the replicates of a sample and in all the different samples. The presence of the same isomiRs in different biological replicates of a sample and in different tissues demonstrate that the generation of most of the detected isomiRs is not random. The importance of evaluating the correlation between biological replicates from RNA-seq experiments has been discussed previously in several papers (Oshlack et al., 2010; Hansen et al., 2011) . As above reported, the correlation among biological replicates has been calculated to check the reliability of the experiment on the basis of the "Standards, guidelines, and best practices for RNA-seq" adopted by ENCODE Consortium which requires that the Pearson correlation of gene expression between two biological replicates for RNAs that are detected in both samples using RPKM or read counts should be between 0.92 and 0.98. Regarding the present work, the average Pearson correlation between all the possible pairs of replicates belonging to the same biological sample was greater than or equal to 0.95 for all the tested samples, in agreement with the required standards. Clustering results and t -test reported in Figure 1 and File S11 in Supplementary Material, respectively, show that it is possible to clearly distinguish among samples and to group them in a functional way. However, when considering Figure A1 in Appendix obtained without averaging replicates of each sample, it should be noted that clustering results seem to be more confident when only the most frequent read is taken into account: BF (pink) and F (bloom) are more strictly related being two subsequent phenological stages so it is expected to find a closer relationship between them.
The co-existence of different variants with a similar level of expression could imply a biological role for all of them. Locus 1_26 shows such an example: in this case there are two prevalent isomiRs (HE860305 and HE860450) that differ for one T at the 5 end. For both the isomiRs there are then variants at the 3 end with different lengths.
Target analysis carried out by psRNATarget (File S9 in Supplementary Material) revealed that in many cases isomiRs share the same target. However, because AGO invariably catalyzes the cleavage of targets opposite the bond between nucleotides 10 and 11 from the 5 end of the miRNA, the cleavage products are different when there is a shift toward the 5 end or nucleotide addition at the 5 end of the miRNA mature sequence. Differences in cleavage sites among members of the same miRNA family have been recently studied in rice by Jeong et al. (2011) highlighting a different abundance of specific cleavage sites among plant organs.
A very interesting finding is related to the biological role of miRNA * . Despite the general consensus that miRNAs * have no regulatory activity, several recent publications have provided evidence about their biological function (Mah et al., 2010) . In our results, isomiRs have been found also for miRNAs * . As an example, at locus 3_16 the conserved miRNA * has a high number of length variants, most due to a variable 3 end. Locus 3_16 codes for miR482: the miRNA * sequence deposited in miRBase was actually the most frequent read (HE860347) in all the three replicates of sample O (half-inch green) with an average ratio miRNA/miRNA * equal to 0.4. GF and GL showed an average ratio of miRNA/miRNA * equal to 5.7, while in BF and F the ratio was close to one in two out of three replicates. Similar results have been previously found in mammals by Kuchenbauer et al. (2012) that classified miRNA/miRNA * ratios into groups showing that about 50% of all miRNA duplexes revealed high ratios (>100) consistent with a strong preferential processing of one dominant miRNA strand. About 24% had intermediate ratios (between 100 and 10), about 13% showed low ratios (between 10 and 1), while another 13% showed inverted ratios (<1). The finding that miRNAs can Frontiers in Plant Science | Plant Genetics and Genomics display tissue-dependent miRNA arm selection opposes the general consensus that only one strand is highly dominant for any given miRNA duplex and opens insights into the possible biological function of selective accumulation of miRNA * . A recent review of Sunkar et al. (2012) , discusses several studies showing that miRNA * tend to accumulate at a high level under particular conditions. As an example, miR393 * accumulates at a high level during infection of P. syringae in Arabidopsis leaves and promotes plant resistance to bacterial infection. Mir399 * is accumulated at high levels during phosphate deprivation in Arabidopsis and miR395 * accumulates at high levels in Sorghum grown in optimal nutrient conditions. PsRNATarget has been used to investigate possible target genes for miR482 and miR482 * at locus 3_16. MiRNA482 target a peach sequence coding for a "probable receptor-like protein kinase" (expectation = 2, target accessibility = 17.288), while miRNA482 * targets a NADH dehydrogenase gene (expectation = 3, target accessibility = 8.463). Examples of different targets for a pair of miRNA/miRNA * are reported in previous studies (Sunkar et al., 2012) . Mir393 and miR393 * target two entirely different gene families (TIR1 and SNARE) both involved in pathogen resistance of host plant. The possibility that a target-dependent strand selection based on the presence in the cell of miRNA or miRNA * targets might influence the selection of the active miRNA arm has been discussed by other authors. For instance Chatterjee and Grosshans (2009) reported that mRNAs can stabilize their cognate miRNAs thus suggesting coordinated RISC assembly which depends on a miRNA and its target levels.
Results obtained in the present work contribute to a deeper view of the miRNome complexity and to a better exploitation of the mechanism of action of these tiny regulators. The exact definition of the entire repertoire of peach miRNAs is in fact a prerequisite for a correct description of miRNAs whose expression is altered in response to specific developmental conditions or environmental stimuli. Future experiments based on small RNAseq coupled with RNA-seq on the same samples will be carried out to highlight more clearly the possible biological role of miRNA isomiRs in plants.
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